The photoactive Orange Carotenoid Protein (OCP) photoprotects cyanobacteria cells by quenching singlet oxygen and excess excitation energy. Its N-terminal domain is the active part of the protein, and the C-terminal domain regulates the activity. Recently, the characteristics of a family of soluble carotenoid-binding proteins (Helical Carotenoid Proteins [HCPs]), paralogs of the N-terminal domain of OCP, were described. Bioinformatics studies also revealed the existence of genes coding for homologs of CTD. Here, we show that the latter genes encode carotenoid proteins (CTDHs). This family of proteins contains two subgroups with distinct characteristics. One CTDH of each clade was further characterized, and they proved to be very good singlet oxygen quenchers. When synthesized in Escherichia coli or Synechocystis PCC 6803, CTDHs formed dimers that share a carotenoid molecule and are able to transfer their carotenoid to apo-HCPs and apo-OCP. The CTDHs from clade 2 have a cysteine in position 103. A disulfide bond is easily formed between the monomers of the dimer preventing carotenoid transfer. This suggests that the transfer of the carotenoid could be redox regulated in clade 2 CTDH. We also demonstrate here that apoOCPs and apo-CTDHs are able to take the carotenoid directly from membranes, while HCPs are unable to do so. HCPs need the presence of CTDH to become holo-proteins. We propose that, in cyanobacteria, the CTDHs are carotenoid donors to HCPs.
Photosynthetic organisms performing oxygenic photosynthesis use solar energy, water, and inorganic carbon to produce all the organic molecules they need.
Photosynthesis converts the absorbed energy into chemical energy and the reduction power necessary for the assimilation of CO 2 and the synthesis of organic carbon molecules. However, photosynthetic organisms cannot control the incoming flux of light, and too much light generates secondary reactions creating dangerous species of oxygen leading to cellular damage. Thus, in order to survive, photosynthetic organisms have developed a large variety of photoprotective mechanisms. One of them decreases the energy arriving at the reaction centers by increasing the thermal dissipation of excess excitation energy at the level of the antennae (for review, see Niyogi and Truong, 2013) . In cyanobacteria, a soluble carotenoid protein, the Orange Carotenoid Protein (OCP), is essential for this mechanism, known as the OCP-related nonphotochemical quenching mechanism (Wilson et al., 2006 ; for review, see Kirilovsky and Kerfeld, 2016) . In addition, OCP has a second photoprotective activity. It is a very good singlet oxygen ( 1 O 2 ) quencher (Kerfeld et al., 2003; Sedoud et al., 2014) .
OCP is a photoactive soluble carotenoid protein (Wilson et al., 2008) . It is composed of two globular domains: an a-helical N-terminal domain (NTD; residues 18-165) that is unique to cyanobacteria and an a-helix/b-sheet C-terminal domain (CTD; residues 190-317) that is a member of the nuclear transport factor 2 superfamily (Kerfeld et al., 2003; Wilson et al., 2010) . The two domains are connected by a long flexible linker (25 residues). In darkness, strong interactions between these two domains of the orange OCP (OCP o ) maintain the protein in a closed and compact globular conformation. The interactions occur at the principal interface between the domains, in the middle of the protein (including a salt bridge between residues Arg-155 and Glu-244), and in the interface between the N-terminal arm (residues 1-20, containing a small a-helix) and the b-sheet of the CTD (Kerfeld et al., 2003; Wilson et al., 2010) . In Synechocystis and Arthrospira spp. cells, the OCP binds a keto-carotenoid, the hydroxyechinenone (hECN), which has a carbonyl (keto) group in one of the rings and a hydroxyl group in the other (Kerfeld et al., 2003; Wilson et al., 2010) . The hECN spans both domains, and it is in an all-trans configuration with its carbonyl group localized in a hydrophobic pocket of the CTD (Kerfeld et al., 2003; Polívka et al., 2005) . In the absence of hECN, OCP can bind other keto-carotenoids such as echinenone and canthaxanthin (Punginelli et al., 2009; Bourcier de Carbon et al., 2015) . During photoactivation, carotenoid and protein conformational changes are induced (Wilson et al., 2008) . Strong blue-green light induces the breaking of the hydrogen bonds between the carotenoid and the protein and those between the CTD and NTD, leading to the opening of the protein and the translocation of the carotenoid toward the NTD. The photoactivated OCP is in its red configuration (OCP r ), with the two domains completely separated and the carotenoid buried in the NTD (Wilson et al., 2012; Liu et al., 2014 Liu et al., , 2016 Gupta et al., 2015; Leverenz et al., 2015; Maksimov et al., 2017a) . In OCP r , NTD interacts with the phycobilisome (PBS) core, the cyanobacterial antenna, inducing an increase of the thermal dissipation of the excess excitation energy absorbed by PBS (Wilson et al., 2012; Leverenz et al., 2014; Harris et al., 2016) . For this interaction to occur, NTD-Arg-155, located at the interface between the two domains, is essential (Wilson et al., 2012) . In OCP o , CTD hinders the binding of NTD to PBS, since NTD-Arg-155 forms a hydrogen bond with CTD-Glu-244 that stabilizes the closed globular form (Kerfeld et al., 2003) .
For the recovery process involving the detachment of OCP from PBS and the conversion of OCP r to OCP o , another protein is necessary, the Fluorescence Recovery Protein (FRP; Boulay et al., 2010; Sutter et al., 2013) . FRP interacts with high affinity with the CTD of free and bound OCP r (Boulay et al., 2010; Sutter et al., 2013) . In in vitro experiments, the presence of FRP accelerates the OCP r -to-OCP o conversion (Boulay et al., 2010; Sutter et al., 2013; Thurotte et al., 2017) and the recovery of PBS fluorescence (Gwizdala et al., 2011; Thurotte et al., 2015 Thurotte et al., , 2017 . FRP activity is independent of light: it is active in the dark but also under high-light conditions Thurotte et al., 2017) . FRP affinity to OCP r is strong, and its presence during illumination decreases the amplitude of OCP-triggered PBS fluorescence quenching by accelerating the OCP r -to-OCP o conversion (Gwizdala et al., 2011 (Gwizdala et al., , 2013 Kuzminov et al., 2012; Sluchanko et al., 2017; Thurotte et al., 2017) and maybe also by interacting with OCP o (with low affinity) and preventing its photoactivation . FRP is present mostly as a dimer in solution (Sutter et al., 2013; Lu et al., 2017; Sluchanko et al., 2017) . It was proposed that it could monomerize upon binding to CTD . FRP Arg-60 and OCP Phe-299 are essential for the activity of FRP in the conversion OCP r to OCP o (Thurotte et al., 2017) . Less is known about the interaction of FRP with the bound OCP r . None of mutations tested until now have prevented the FRP-induced acceleration of OCP detachment from PBS (Thurotte et al., 2017) .
Many cyanobacterial genomes contain genes coding for proteins homolog to the NTD of OCP Kerfeld, 2012, 2013; Melnicki et al., 2016) . Last year, a bioinformatics study established that these proteins form a new family of soluble carotenoid proteins (named NTD-like proteins or Helical Carotenoid Proteins [HCPs] ) containing at least nine different clades (HCP1-HCP9; Melnicki et al., 2016) . The HCP4 clade is the one presenting the highest identity with the NTD of OCP (NTD-OCP). The HCPs from nitrogen-fixing Anabaena (Nostoc) PCC 7120 (hereafter Anabaena) were characterized. Anabaena possesses four HCPs belonging to clades 1, 2, 3, and 4 . All the genes are expressed at similar levels in Anabaena filaments grown with or without nitrate . At least two of these proteins, HCP1 (All1123) and HCP4 (All4941), were present in both culture conditions. The HCP1 that was isolated from Anabaena cells contained several types of carotenoids with a majority of canthaxanthin, thus confirming that HCPs are carotenoid proteins . When hcp genes were expressed in an Escherichia coli strain able to synthesize canthaxanthin, all the isolated HCP proteins bound canthaxanthin. The structure of HCP1 was resolved and its tertiary structure was found to be similar to that of the NTD-OCP . The position of the carotenoid also is similar to that in the NTD-OCP. Although all HCPs are able to bind a carotenoid molecule and have similar secondary and tertiary structures, they have distinct activities . Only HCP4 (All4941) is able to bind to PBS and induce energy quenching. HCP2 (All3221) and HCP3 (Alr4873) are good 1 O 2 quenchers. HCP1 has no known activity: it is unable to bind to PBS and is a bad 1 O 2 quencher .
In addition to HCP proteins, bioinformatics studies also revealed the presence of genes coding homologs to the CTD of OCP Bao et al., 2017) . The CTD-like homolog (CTDH) of Anabaena is expressed in heterocysts as well as filaments grown in the presence or absence of nitrate . Most of the genes coding for HCP4 proteins are adjacent to a gene coding a CTDH . It was proposed that these proteins might interact, forming an HCP4-CTDH heterodimer, and that an ancient fusion event between an HCP4 and CTDH could have given rise to an ancestral OCP . Moreover, it was shown recently that isolated NTD and CTD can interact in the absence of the linker and of the N-terminal arm, suggesting that HCPs can interact with CTDH (Lechno-Yossef et al., 2017; Moldenhauer et al., 2017) . In addition, when the ctd gene was expressed in carotenoidcontaining E. coli cells, CTD bound canthaxanthin molecules, suggesting that CTDHs also could be carotenoid proteins (Lechno-Yossef et al., 2017; Moldenhauer et al., 2017) .
The study described in this article focuses on the CTDH family of proteins. A bioinformatics analysis is first presented indicating that this family is formed by two clades with different characteristics. These proteins conserved some of the amino acids involved in carotenoid interaction in the CTD of OCP. Two CTDHs belonging to different clades, one from Anabaena and the other from Thermosynechococcus elongatus, were studied further. In both strains, the gene encoding CTDH is adjacent to the gene encoding an HCP protein able to interact with PBS and quench its fluorescence. The CTDH proteins strongly bound canthaxanthin when synthesized in E. coli and Synechocystis strains, suggesting that they form a new family of carotenoid proteins. The interactions between CTDH and HCP proteins were studied as well as the possible role of CTDH as a carotenoid donor to apo-HCPs and apoOCPs. Our results support the hypothesis that, in cyanobacteria cells, CTDHs are in fact carotenoid donors to HCPs.
RESULTS

Phylogenetic Analysis and Overview of CTDH: Structural Models
Homologs of the CTD of OCP (CTDH) were identified using a BLAST database search complemented by Hmm Search, yielding 109 sequences belonging to the cyanobacteria phylum. The sequences of 185 CTDs from full-length cyanobacteria OCPs and the 109 CTDHs were then used to construct a phylogenetic tree ( Fig. 1A; for details, see "Materials and Methods"). These sequences belonged to 175 different PBS-containing cyanobacteria strains (Supplemental Data S1).
Our analysis shows that 104 cyanobacteria strains contain one CTDH protein. Two distinct major monophyletic clades of CTDHs were detected: clade 1 (56 proteins) and clade 2 (49 proteins; Fig. 1A ). The CTDHs from Gloeobacter violaceus and Gloeobacter kilaueenses, which are considered the most ancient cyanobacteria strains, belong to clade 1. The CTD-OCP sequences also are shown in the phylogenetic tree. Most CTD-OCP sequences are grouped in one large clade (CTD-OCP1). This clade is Figure 1 . The CTDH proteins: evolution and structure. A, Evolutionary divergence of CTDH proteins and CTD-OCPs. An unrooted maximum likelihood phylogenetic tree of CTD-OCP and CTDH sequences is shown. The CTD-OCP and CTDH subtypes were identified as clades designated by numbers and colors. The CTD-OCP subgroups were named CTD-OCP1, CTD-OCP2, and CTD-OCPX, and the clades of CTDH proteins were numerated 1 and 2. B, Comparison of CTD-OCP and CTDH structures. The OCP structure is that of the crystal structure (Protein Data Bank no. 1M98). The structures of CTD-OCP and CTDHs were generated using homology models (see "Materials and Methods"). a, Comparison of CTD-OCP (gray) with Anabaena CTDH (blue) and T. elongatus CTDH (fuchsia). b, Comparison of the crystal structure of OCP (green) with CTD-OCP (gray) and Anabaena (blue) and T. elongatus (fuchsia) CTDH models. The structures of the T. elongatus and Anabaena CTDHs are identical. mapped opposite the CTDH proteins. The two other clades and CTD-OCPX [26]) contain CTD-OCPs mostly belonging to other families of OCPs .
In all strains containing CTDHs, HCPs are present (Supplemental Data S1). All the hcp4 genes are located adjacent to or near a ctdh gene, while this is the case for only half of the hcp5 genes (for HCP nomenclature and characteristics, see Melnicki et al. [2016] ). In rare cases, ctdh genes are located adjacent to hcp genes belonging to other clades. For example, in Gloeobacter spp. strains, the ctdh gene is adjacent to an hcp9 gene.
All CTDH proteins lack four amino acids after amino acid 103 (CTDH clade 2 nomenclature) compared with CTD-OCP. CTDH amino acid 103 is a Phe in clade 1 and in all CTD-OCPs and is a Cys in clade 2 (Fig. 2) . The lack of four amino acids seems to have an effect on the tertiary structure of the protein. Figure 1B compares the crystal tridimensional structure of CTD-OCP with structural homology models of the CTDHs from Anabaena (All4940; clade 2) and T. elongatus (Tll1268; clade 1) generated using the Phyre2 Web program. Based on these models, the tridimensional structures of both CTDHs are identical. When compared with the CTD-OCP structure, it is observed that the b-sheet region in CTDHs is modified: b-strand 6 is predicted to be shorter, and the loop that connects it to b-strand 5 is in a different conformation than in CTD-OCP. This structure is only a model, and the position of the loop could be different in the protein. However, the models suggest that the absence of these four amino acids has an impact on the structure of the protein, especially in the region interacting with the NTD in the OCP (Fig. 1B) . CTDHs of Gloeobacter spp. strains not only lack these four amino acids but also four other amino acids located before amino acid 80 (clade 1 nomenclature in Fig. 2) . Figure 2 shows the alignment of the consensus sequence of the two major groups of CTDHs compared with CTD-OCP1. The conservation of the amino acids within each clade and subgroup is shown in Supplemental Figure S1 . The CTDH proteins conserve some of the amino acids known to be proximal to the carotenoid in the OCP o : Tyr-201, Leu-205, Val-273, Thr-275, and Trp-288 (Fig. 2; Kerfeld et al., 2003; Wilson et al., 2010; Leverenz et al., 2015) . This suggests that CTDHs can bind carotenoids like the synthetic CTD-OCP (Lechno-Yossef et al., 2017; Moldenhauer et al., 2017) . Moreover, the presence of (Kerfeld et al., 2003; Wilson et al., 2010; Leverenz et al., 2015) . Phe-299, which is essential for FRP activity (Thurotte et al., 2017) , is absent in the CTDH proteins (Fig. 2) .
Production of CTDHs by Expression in a Canthaxanthin-Producing E. coli Strain and Characterization
The CTDHs from Anabaena PCC 7120 (clade 2) and T. elongatus (clade 1) were further characterized and compared with the CTD-OCP from Synechocystis PCC 6803 (hereafter Synechocystis). While Anabaena cells contain OCP1 and four HCPs (HCP1, HCP2, HCP3, and HCP4), T. elongatus lacks a full-length OCP and contains only one HCP Melnicki et al., 2016) . The HCP from T. elongatus maps between the HCP4 and HCP5 clades on the evolutionary tree . It forms a cluster with the HCPs from Thermosynechoccocus NK55 and Pseudanabaena PCC 7387. The ctdh gene is adjacent to an hcp gene coding for HCP4 in Anabaena. In T. elongatus, the ctdh and hcp genes are adjacent.
The Anabaena ctdh gene (all4940), the T. elongatus ctdh gene (tll1268), and the CTD coding moiety of the Synechocystis ocp gene (170-310) were cloned in a modified pCDFDuet-1 plasmid and expressed in E. coli cells in the presence or absence of carotenoids. Two mutants of the Anabaena CTDH also were created for this study. In one of the mutants, Cys-103 was replaced by a Phe, and in the other one, in addition to the Cys substitution, four amino acids were added just after the Cys (for details, see "Materials and Methods"). The latter mutant was constructed with the view of obtaining a CTDH protein with a structure similar to CTD-OCP (see below). These All proteins were isolated (Supplemental Fig. S2 ), and their absorption spectra were recorded. As expected from previous results (Lechno-Yossef et al., 2017; Moldenhauer et al., 2017) , recombinant Synechocystis CTD-OCP (hereafter called CTD-OCP) bound canthaxanthin when expressed in a canthaxanthinproducing E. coli strain (Fig. 3) . Analysis of carotenoid content showed that both wild-type CTDHs and mutated Anabaena CTDHs bound 100% canthaxanthin. All the proteins presented broad absorbance spectra without vibronic structure (Fig. 3) . The CTD-OCP and the T. elongatus CTDH are red-violet proteins, and their absorbance spectra have a maximum around 545 to 550 nm. The Anabaena wild-type and mutated CTDHs are violet, with an absorbance maximum red-shifted to 565 to 570 nm (Fig. 3) . The differences in the absorbance maxima suggest that the carotenoid-protein interaction and carotenoid conformation might be modified slightly in the different proteins. Interestingly, while the absorbance maximum of Synechocystis CTD-OCP is around 550 nm (Moldenhauer et al., 2017; this work) , that of Fremyella diplosiphon CTD-OCP is 520 nm (Lechno-Yossef et al., 2017) . The comparison of CTDH (CTD) protein concentration (calculated using Bradford) and carotenoid concentration (calculated from carotenoid absorbance) suggested that there was one carotenoid per CTDH dimer: e.g. C103F CTDH preparation, 69 mM protein, and 33.5 mM carotenoid (ratio, 2.06)
Purified holo-and apo-CTDHs and CTD-OCP were analyzed by native-PAGE to investigate their oligomeric state (Fig. 4) . T. elongatus apo-CTDH (Fig. 4B , lane 3) and Anabaena C103F apo-CTDH (Fig. 4A , lane 5) migrated mainly as low-M r species that may correspond to monomers, while Anabaena wild-type apo-CTDH appeared to migrate mainly as a dimer (Fig.  4A , lane 1). To confirm these results, purified proteins also were analyzed by size-exclusion chromatography (SEC; Fig. 5 ). At least at concentrations equal to or lower than 20 mM, the T. elongatus apo-CTDH (15 kD; black profile in Fig. 5A ) and Anabaena apo-C103F CTDH (17 kD; black profile in Fig. 5E ) behaved mainly as monomers: the elution volumes of the major peaks (13 and 12.6 mL, respectively) were close to the elution volume of a standard globular protein (about 17 kD; Supplemental Fig. S3 ). By contrast, the wild-type apo-CTDH from Anabaena was present mostly as a dimer (34 kD for a dimer; black profile in Fig. 5B) , with an elution volume of the major peak (11.1 mL) close to the elution volume of a standard globular protein (about 44 kD; Supplemental Fig. S3 ). According to the results obtained by native-PAGE, SEC demonstrated that the Cys-103 residue in Anabaena CTDH may favor the dimerization of the protein, probably via disulfide bonding. When this Cys is replaced by a Phe (in T. elongatus CTDH or by site-directed mutagenesis in Anabaena CTDH), the dimer is destabilized (Figs. 4 and 5) .
The results obtained with the apo-CTD-OCP were unexpected. SEC analysis of the purified apo-CTD-OCP showed that it behaved mainly as a dimer in solution (34 kD; black profile in Fig. 5C ). This dimer was stable, although a Phe residue is present instead of a Cys at position 103. Nevertheless, Moldenhauer et al. (2017) showed that apo-CTD-OCP dimers present a strong concentration-dependent dissociation: the percentage of monomers largely increased at concentrations lower than 20 mM. On native gels, the apo-CTD-OCP appeared as multiple bands that migrated slower than the CTDH dimer bands (Fig. 4B) . Some of these bands can be related to large oligomers and monomers that also were detected in SEC.
In native-PAGE, the holo-CTDH from T. elongatus migrated much slower than the apo-protein, suggesting that it was in the form of a dimer (Fig. 4B, lane 4) . This was confirmed by SEC gel filtration, where the major peak corresponded to a dimer (elution peak at 11.3 mL; Fig. 5A , blue profile). Recording of A 540 indicates that the carotenoid is bound mainly to the dimer (Fig. 5A , red profile). While mainly one principal band corresponding to the dimeric form appeared on the native gel, in SEC the presence of bigger complexes (and aggregates) carrying carotenoid was detected. Monomers carrying a carotenoid molecule also were detected in SEC in one of the preparations (Supplemental Fig. S3) . Interestingly, the maxima of the absorbance spectra of CTDH monomers and dimers were different: 560 nm for dimers and 532 nm for monomers (Supplemental Fig. S3 ). The fact that CTDH monomers could bind carotenoids and present a different absorbance spectrum than that of dimers suggests that there might be an alternative carotenoid position completely inside the CTDH monomer.
The Anabaena wild-type holo-CTDH migrated mostly as a dimer on the native gel (Fig. 4) . In addition, it had the propensity to form big oligomers. In SEC, two major peaks appeared: one corresponding to the CTDH dimer (elution peak at 11.1 mL) and the other indicating the presence of big oligomers (Fig. 5B , blue profile). Both forms bound canthaxanthin. However, the ratio between A 540 and A 280 (Fig. 5B , red and blue profiles, respectively) was lower for Anabaena wild type holo-CTDH than for other holo-proteins, suggesting that not all dimers and oligomers bound carotenoids. In native-PAGE, two close bands are related to dimers (Fig. 4A , lane 2). They may correspond to the holoand apo-forms of the dimer: the slowest band may correspond to the holo-form, given the mobility of the apo-protein (Fig. 4A , lane 1) and of the DTT-treated Anabaena holo-CTDH (Fig. 4A, lane 3) . When the Anabaena CTDH was isolated in the presence of 1 mM DTT, the big oligomers disappeared and the dimer was destabilized (Fig. 5D ). The protein was present as a mix of dimers and monomers. The dimers largely bound canthaxanthin while the monomers were mostly carotenoid free. The C103F CTDH, which was monomeric in the absence of carotenoid, was mainly dimeric when it bound a carotenoid molecule (Fig. 4A , lane 4, and Fig.  5E , blue and red profiles). This indicated that addition of the carotenoid favors the dimerization as observed for T. elongatus holo-CTDH, in which a Phe residue is present in position 103. No oligomers or monomers were detected on the SEC profile for this C103F mutant. Surprisingly, the addition of the four extra amino acids after Phe-103 (C103F+4aa CTDH mutant) partially prevented (or destabilized) CTDH dimerization: native SDS-PAGE (Fig. 4A , lane 6) and SEC analysis (Fig. 5F , blue profile) showed that monomers and dimers coexisted. The dimers largely bound canthaxanthin but the monomers carried only some carotenoid molecules.
Addition of carotenoid to the CTD-OCP (the holo CTD-OCP form) had a limited impact on the electrophoretic mobility (Fig. 4B , lane 2). On the SEC profile ( Fig. 5C , blue and red profiles), peaks appeared corresponding to big carotenoid-binding oligomers and carotenoid-free monomers. Nevertheless, the highest peak corresponded to the dimer form. Interestingly, a small shift in the elution volume is observed between the apo-and holo-forms, suggesting that the binding of the carotenoid affected the overall structure of the dimer. This resulted in an increase of the Stokes radius of the dimer, probably reflecting some conformational changes. This effect also was observed in the holo Anabaena CTDH to a lower extent. The presence of big oligomers was not detected previously in CTD-OCP preparations (Lechno-Yossef et al., 2017; Moldenhauer et al., 2017) . This suggests that their presence is related mainly to protein expression and isolation conditions than to intrinsic CTD-OCP and CTDH characteristics.
These results showed that the CTDH proteins, like isolated CTD-OCP, form carotenoid dimers. The presence of carotenoid stabilized the CTDH dimers when Cys-103 was replaced by Phe or under reducing conditions, since in its absence the complex monomerized. Under oxidizing conditions, in the presence of Cys-103, the formation of an S-S bond stabilized the dimer even in the absence of carotenoids.
The 1 O 2 quenching activity of CTDH was measured in vitro as previously described (Sedoud et al., 2014) . Electron paramagnetic resonance (EPR) spin trapping was applied for 1 O 2 detection using 2,2,6,6-tetramethyl-4-piperidone. When this nitrone reacts with 1 O 2 , it is converted into the stable nitroxide radical, which is paramagnetic and detectable by EPR spectroscopy. The production of 1 O 2 was induced by illumination of Methylene Blue. The concentration of CTDH dimers that decreased the EPR signal to 50% was 1.3 mM for both wild-type CTDHs, indicating that they are very good 
Production of CTDHs by Expression in Synechocystis Cells and Characterization
The Anabaena ctdh gene (all4940) and the T. elongatus ctdh gene (tll1268) also were cloned into the pPSBA2 ampicillin-resistant vector (Lagarde et al., 2000) containing the strong psbA2 promoter in order to synthesize these CTDHs in Synechocystis cells.
When CTD-OCP was expressed in wild-type Synechocystis cells, the isolated protein did not bind any carotenoid (Sutter et al., 2013) . This result suggested that CTDHs are not able to bind carotenoids or to stabilize this binding in cyanobacteria cells. Since wild-type Synechocystis cells do not contain canthaxanthin (Punginelli et al., 2009) , we decided to overexpress the ctd-ocp and ctdh genes in a Synechocystis mutant lacking the CrtR hydrolase. This mutant lacks zeaxanthin and hydroxyechinenone but produces echinenone and canthaxanthin . The CTD-OCP protein bound only traces of canthaxanthin (Supplemental Fig. S4 ). By contrast, T. elongatus CTDH bound to carotenoid molecules and had an absorbance spectrum similar to that produced in E. coli cells (Fig. 6 ). The carotenoid content of two independent preparations of T. elongatus CTDH was analyzed. It contained mostly canthaxanthin (73%-74%). Unidentified carotenoids (most probably oxidized canthaxanthin derivatives) also were detected.
T. elongatus CTDH was stabilized as a dimer based on native-PAGE gel analysis and SEC (Fig. 6) . Nevertheless, the dimer obtained in Synechocystis cells had a slightly different conformation from that obtained in E. coli cells: it migrated faster on the native gel and eluted in a slightly greater volume in SEC (elution peak at 11.5 mL). No bigger complexes were detected in the Synechocystis preparation.
The Anabaena CTDH also was able to bind carotenoids (73% canthaxanthin) and to form dimers, but the quantity of protein obtained was very small and complete isolation was not possible (Supplemental Fig. S4 ).
Interaction between Holo-CTDH and Apo-HCP
Recently, it was shown that when holo-CTD-OCP is incubated in the presence of apo-NTD-OCP, CTD can Figure 5 . Oligomeric status of apo-and holo-CTDHs. Analysis is shown for CTDH oligomeric state by SEC. The holo-proteins were detected at 280 nm (blue) and 540 nm (to detect the presence of carotenoid; red). The apo-proteins were detected only at 280 nm (black). A, T. elongatus apo-and holo-CTDHs. B, Anabaena wild-type apo-and holo-CTDHs. C, Synechocystis apo-and holo-CTD-OCP. D, Anabaena wild-type holo-CTDH prepared with 1 mM DTT. E, Anabaena apo-and holo-C103F CTDH. F, Anabaena holo-C103F+4aa CTDH. The elution peaks around 11.1 to 11.3 mL contained CTDH dimers, and those around 12.6 to 13 mL contained CTDH monomers. These graphs are based on calibration profiles (see "Materials and Methods" and Supplemental Fig. S3 ).
partially give the carotenoid to the NTD (Moldenhauer et al., 2017) . Moreover, a partial apparition of OCP o was observed. Holo-CTD-OCP also was able to partially give the carotenoid to an apo-OCP (Maksimov et al., 2017b; Moldenhauer et al., 2017) . In this work, we further studied the interaction between CTD-OCP and OCP and NTD-OCP and tested whether the CTDHs also are capable of giving the carotenoid to apo-HCPs and forming new OCP o .
The genes coding for the HCP4 from Anabaena, the HCP from T. elongatus, and the NTD-OCP from Synechocystis were expressed in a canthaxanthin-containing E. coli strain as described by . The three proteins presented broad absorbance spectra without vibronic structure and a maximum absorbance at 526 to 527 nm (Supplemental Fig. S5 ). These genes also were expressed in a carotenoid-lacking E. coli strain to obtain apo-proteins.
We studied the interaction between the holo-CTDHs and the apo-HCPs and Synechocystis apo-OCP by following the changes in absorbance spectra during the incubation of apo-HCP (NTD-OCP and OCP) and holo-CTDH (CTD-OCP) dimers. A ratio of 2.5 HCPs to one CTDH dimer (mol/mol) was used, and the proteins were incubated for 1 h at 23°C in darkness. The results are shown in Figures 7 and 8 and Table I .
When holo-CTD-OCP interacted with apo-OCP, large changes were observed in the absorbance spectrum during dark incubation (Fig. 7D) . After 1 h, the spectrum presented the typical vibronic structure of OCP o , and the spectral fit indicated that 90% of the carotenoid was transferred from holo-CTD-OCP to apo-OCP (Table I ). The new OCP o was photoactive and completely converted to OCP r upon 5 min of illumination with strong light (Supplemental Fig. S6 ). The photoactivation was completely reversible in darkness (Supplemental Fig. S6 ). The photoactivated OCP was able to significantly quench PBS fluorescence (Fig. 9) . Interestingly, when apo-OCP and holo-CTD-OCP dimers interacted in a 1:0.5 ratio, almost all the carotenoids were transferred to apo-OCP; however, less than half of the apo-OCP was converted to OCP o , confirming that there is one carotenoid per dimer (Supplemental Fig. S6 ).
The interaction between holo-CTD-OCP and apo-NTD-OCP gave a final spectrum with a maximum at 500 nm and a shoulder at 467 nm, suggesting that an OCP o -like compound also was formed during the incubation (Fig. 7A) . The spectral fit indicated that the final mix was composed of 67% OCP o and 33% CTD-OCP. When the sample was illuminated, all the OCP o was converted to holo-NTD-OCP and/or OCP r (Fig.  7B ). This conversion was irreversible (Fig. 7B) . The illuminated sample was able to quench PBS fluorescence (Fig. 9B) ; however, the quenching was lower than expected, suggesting that although the carotenoid is in the NTD, the presence of apo-CTD hinders its interaction with PBS.
The addition of T. elongatus and Anabaena HCPs to holo-CTD-OCP also caused dramatic changes in the absorbance spectra: the final spectra looked more like Figure 6 . The T. elongatus CTDH isolated from Synechocystis. A, Absorbance spectra of T. elongatus CTDH. B, Analysis of T. elongatus CTDH oligomeric state by SEC. The elution peak is at 11.5 mL, indicating that the CTDH is a dimer. The holo-proteins were detected at 280 nm (blue) and 540 nm (red). C, T. elongatus CTDH isolated from E. coli (lane 3) and Synechocystis (lane 4) on native-PAGE gels stained by Coomassie Blue. The carotenoid is visible on the nonstained gel (at right). Markers are at 30 kD (lane 1) and 14 kD (lane 2).
the HPC spectra than the original CTD-OCP spectrum (Fig. 7C) . A spectral fit indicated that, at the end of the incubation, the amounts of carotenoid transferred to the T. elongatus HCP and Anabaena HCP4 were about 71% and 66%, respectively (Table I ). The holo-HCPs formed induced a large PBS fluorescence quenching (Fig. 9) . Thus, holo-CTD-OCP is able to give the carotenoid with a relatively high efficiency to all NTD-like proteins. Illumination of the mix containing T. elongatus HCP and Anabaena HCP4 did not induce any difference in absorbance spectra. No evidence for the formation of an OCP o -like protein was observed. We tested whether holo-CTDH proteins were able to give the carotenoid to the HCPs. The holo-CTD of T. elongatus transferred most of its carotenoid (83%) to the T. elongatus HCP, resulting in holo-HCP formation. However, no traces of OCP o were observed (Fig. 7E ). The holo-HCP that was formed was able to significantly quench PBS fluorescence with the same efficiency as that of the holo-HCP isolated directly from E. coli (Fig.  9) . By contrast, the holo-CTDH of T. elongatus was not able to transfer its carotenoid to the Anabaena HCP4 or to NTD-OCP or apo-OCP ( Fig. 7 ; Table I ). Illumination of different samples did not influence the result. Similar results were obtained when the holo-CTDH of T. elongatus isolated from Synechocystis cells was used (Supplemental Fig. S7 ).
The isolated Anabaena CTDH was unable to give the carotenoid to the HCPs and to apo-OCP (Table I ; Supplemental Fig. S8 ). In the previous section, we showed that Anabaena CTDH is present as a dimer even in the absence of carotenoids. All clade 2 CTDHs have a Cys in position 103 that could be involved in an S-S bond between two CTDH monomers. We hypothesized that this bond prevents monomerization of the holo-CTDH dimer and transfer of the carotenoid. To test this hypothesis, the CTDH was incubated with DTT (S-S bond reducer), and the experiment was repeated in Figure 7 . Changes in absorbance spectra during carotenoid transfer from holo-CTD-OCP (A-D) and T. elongatus holo-CTDH (E-G) to apo-HCPs (or apo-NTD) and apo-OCP, and kinetics of carotenoid transfer to apo-HCPs (H). A, Holo-CTD to apo-NTD. Black spectrum, Time 0, 100% carotenoid in CTD; red spectrum, after a 1-h incubation with apo-NTD. Intermediary spectra also are shown. B, Photoactivation and recovery of the species formed in A. C, Last spectra after a 1-h incubation of CTD-OCP in the presence of NTD (red), Anabaena HCP (purple), or T. elongatus HCP (blue). The spectrum of CTDH at time 0 is shown in black. D, Holo-CTD to apo-OCP. Black spectrum, Time 0, 100% carotenoid in CTD; red spectrum, after a 1-h incubation with apo-OCP. Intermediary spectra also are shown. E, T. elongatus holo-CTDH to apo-HCP. Black spectrum, Time 0, 100% carotenoid in CTD; red spectrum, after a 1-h incubation with T. elongatus apo-HCP. Intermediary spectra also are shown. F, Last spectra after a 1-h incubation of T. elongatus CTDH with NTD (red), Anabaena HCP (purple), or T. elongatus HCP (blue). The spectrum of CTDH at time 0 is shown in black. G, T. elongatus holo-CTDH to apo-OCP. Time 0 (black) and 60 min (red) are shown. H, Kinetics of carotenoid transfer from CTD-OCP and T. elongatus CTDH to different HCPs followed by measuring the decrease of A 600 : CTD-OCP to Anabaena HCP4 (blue diamonds), CTD-OCP to NTD-OCP (red squares), CTD-OCP to T. elongatus HCP (green triangles), and T. elongatus CTDH to T. elongatus HCP (black circles). Representative curves are shown. The measurements were repeated at least once.
its presence. Under these conditions, the Anabaena holo-CTDH gave around 50% of the carotenoid to the Anabaena HCP4, suggesting that the presence of an S-S bond inhibited CTDH monomerization and transfer of the carotenoid in the absence of DTT.
To confirm this hypothesis, we also tested the Anabaena CTDH isolated under reducing conditions (1 mM DTT). This Anabaena holo-CTDH preparation gave around 87% to 91% of its carotenoid to the Anabaena HCP4 and to the T. elongatus HCP ( Fig. 8 ; Table I ). No traces of OCP o were observed. The reduced Anabaena CTDH also was able to transfer its carotenoid to apo-OCP, forming a photoactive OCP (52%; Table I; Fig. 8C ; Supplemental Fig. S6 ). The holo-HCPs and photoactivated OCPs obtained after carotenoid transfer were able to quench PBS fluorescence with high efficiency (Fig. 9) . By contrast, Anabaena holo-CTDH was unable to transfer the carotenoid to NTD-OCP. The behavior of the Anabaena CTDH without a disulfide bond between the monomers of the dimer was studied further using the C103F CTDH mutant. The C103F CTDH protein was able to transfer most of its carotenoid to Anabaena HCP4 (96.4%) and to T. elongatus HCP (96%; Fig. 8 ; Table I ). Moreover, it also gave the carotenoid to Synechocystis apo-OCP (72%), leading to the formation of photoactive OCP o ( Fig. 8 ; Table I ; Supplemental Fig.  S6 ). The kinetics of carotenoid transfer was slower than that observed with CTD-OCP (Fig. 8H) . All holo-HCPs and photoactivated OCP were able to induce extensive PBS fluorescence quenching (Fig. 9) . The Anabaena C103F CTDH also was able to give its carotenoid to Anabaena apo-OCP, but with a much lower efficiency (Supplemental Fig. S8D ). Synechocystis NTD-OCP took very low quantities of the carotenoid from this CTDH (Table I) . Similar results were obtained using Anabaena NTD-OCP (Supplemental Fig. S8C ). Thus, in the absence Figure 8 . Changes in absorbance spectra induced by carotenoid transfer from Anabaena wild-type CTDH isolated in the presence of DTT (A and C) and Anabaena C103F CTDH (B and D) to apo-HCPs (A and B) and apo-OCP (C and D), and kinetics of carotenoid transfer from CTDHs to HCPs (E) and apo-OCP (F). A and B, Black spectrum, Time 0, all carotenoids in CTDH. Spectra are shown after a 1-h incubation of wild-type CTDH (A) and mutant CTDH (B) with NTD-OCP (red), Anabaena HCP (purple), and T. elongatus HCP (blue). C and D, Wild-type CTDH and mutant CTDH to apo-OCP. Black spectrum, Time 0, all carotenoids in CTD; red spectrum, after a 1-h incubation with apo-OCP. E and F, Kinetics of carotenoid transfer from wild-type and mutant CTDHs to HCPs (E) and OCP (F) followed by measuring the decrease of A 600 . E, Wild-type CTDH (1 mM DTT) to Anabaena HCP4 (green open triangles), C103F CTDH to Anabaena HCP4 (fuchsia open circles), C103F CTDH to T. elongatus HCP (fuchsia closed circles), C103F+4aa CTDH to Anabaena HCP4 (purple open diamonds), and C103F+4aa CTDH to T. elongatus HCP (purple closed diamonds). F, Carotenoid transfer to apo-OCP: CTD-OCP (blue diamonds), Anabaena C103F CTDH (red squares), Anabaena C103F+4aa CTDH (black circles), and Anabaena wild-type CTDH (1 mM DTT; green triangles).
of a disulfide bond between the monomers, the Anabaena CTDH is less selective than the T. elongatus CTDH, which gave the carotenoid only to its own HCP. Neither was able to give a carotenoid to the Synechocystis and Anabaena NTD-OCPs. These results suggest that the CTDHs transferred the carotenoid to apo-OCP via CTD. This hypothesis also was suggested by Maksimov et al. (2017b) based on their results obtained with CTD-OCP.
Both wild-type and mutated CTDHs lack four amino acids after Phe(Cys)-103 (compared with CTD-OCP), Table I . Transfer of carotenoid from holo-CTDH to apo-HCPs and OCP
The percentage of carotenoid transferred after a 1-h incubation in darkness at 23°C is shown (SD value in parentheses). The OCP:CTDH dimer and HCP:CTDH dimer ratios were equal to 2.5. The experiments were repeated at least once. ). The OCPs were preilluminated with strong white light to photoactivate them.
leading to a change in the tridimensional structure. We tested whether the addition of these four amino acids could enable CTDH interaction with NTD-OCP. We created a mutant of the Anabaena CTDH in which Cys-103 was replaced by a Phe and four amino acids (those existing in the CTD-OCP) were added after the Phe (C103F+4aa CTDH). A homology model of the C103F+4aa CTDH mutant was generated, and it showed a structure very close to that of CTD-OCP, underlying a possible role of the lack of four amino acids in the folding of the CTDHs (Supplemental Fig. S9 ). The mutated CTDH also was able to bind canthaxanthin, resulting in a maximum in its absorption spectrum at 570 nm (Fig. 3) . It formed dimers that were stabilized by the presence of the carotenoid (Figs. 4 and 5) . However, during native gel electrophoresis and SEC, the carotenoid was easily lost by the dimer that partially monomerized (Figs. 4  and 5 ). This mutated Anabaena CTDH transferred its carotenoid to Anabaena HCP4 and to T. elongatus HCP with 30% and 94% efficiency, respectively, but was unable to transfer the carotenoid to NTD-OCP (Table I ; Supplemental Fig. S8 ). Carotenoid transfer to apo-OCP was 48% (Table I) . Thus, the addition of amino acids did not improve the interaction with NTD. On the contrary, it decreased carotenoid transfer to HCP4 and apo-OCP compared with the C103F CTDH mutant (Table I ; Fig. 8 , E and F). Figure 10 summarizes the carotenoid transfer experiments from CTDHs to HCPs and OCPs described above. CTDHs can easily monomerize (in the absence of Cys-103 or in reducing conditions) and are able to transfer their carotenoid to various HCPs. The T. elongatus CTDH is more specific and can give the carotenoid only to the T. elongatus HCP. By contrast, the Anabaena CTDH is able to transfer the carotenoid not only to apo-HCPs but also to apo-OCPs. HCP characteristics also seemed to influence carotenoid transfer. Both CTD-OCP and Anabaena CTDH transferred their carotenoid to Anabaena HCP4 with slower kinetics than to T. elongatus HCP (Figs. 7 and 8) .
Interaction between Holo-HCP and Apo-CTDH
When holo-HCP and NTD-OCP were incubated with the corresponding apo-CTDH and CTD-OCP, no changes in the absorption spectra were induced. This indicated that holo-HCPs were not able to give the carotenoid to CTDHs and suggested that the HCPs have a higher affinity for the carotenoid than for CTDH. Interestingly, they were also unable to give the carotenoid to apo-OCP. We then tested whether the presence of increasing concentrations of apo-CTDH hinders the interaction between HCPs and PBS. Figure 11 shows that when CTDH was added in small excess (five CTDHs to one HCP), the fluorescence quenching induced was only slightly reduced. By contrast, a large excess of CTDH (20 or 40 CTDHs to one HCP) significantly decreased the amplitude of fluorescence quenching (Fig. 11) . This effect was specific, since the addition of 40 BSA per one HCP had no influence on the amplitude of fluorescence quenching. Thus, although CTDH and HCP can interact, this interaction is weak and only a large excess of CTDH can inhibit fluorescence quenching.
Carotenoid Transfer from Membranes to CTDHs, HCPs, and OCPs: Role of CTDHs
Our results suggest that the role of CTDH could be to provide carotenoid molecules to OCPs and HCPs, as proposed previously by Moldenhauer et al. (2017) . However, approximately half of all known OCPcontaining cyanobacteria strains lack CTDHs. In addition, when ocp genes are expressed in E. coli cells, they are able to bind carotenoids in the absence of CTDH or another soluble carotenoid protein .
We decided to test whether OCPs, HCPs, and CTDHs are able to directly take the canthaxanthin present in isolated E. coli membranes. Using Synechocystis apo-OCP, we first tested different temperatures, protein concentrations, and carotenoid-to-protein ratios to fix the experimental conditions (Supplemental Fig. S10 ). The best temperature for carotenoid transfer from Figure 10 . Summary of carotenoid transfer from CTD-OCP and CTDH dimers to apo-NTD-OCP, apo-HCPs, and apo-OCP. A, The CTD-OCP dimer is able to transfer its carotenoid with high efficiency to apo-OCP, forming a photoactive holo-OCP, and to apo-NTD, forming a photoactive holo-OCP-like protein and holo-NTD. Upon photoactivation, once the carotenoid is buried into the NTD, it cannot translocate back to CTD. The CTD-OCP dimer also transfers the carotenoid to the apoHCPs, forming holo-HCPs. B, While the oxidized Anabaena CTDH dimer is unable to transfer its carotenoid, the reduced protein transfers the carotenoid to OCP and to all HCPs, forming photoactive OCP and holo-HCPs, respectively. C, The T. elongatus CTDH dimer can transfer its carotenoid only to the T. elongatus apo-HCP, forming holo-HCP. membranes to different proteins was found to be 33°C. The results also showed that the carotenoid-to-protein ratio influences the percentage of carotenoid translocation: the higher the ratio, the larger the carotenoid translocation observed (Supplemental Fig. S10 ). All the results shown in Figure 12 and Table II were obtained using a carotenoid-to-protein ratio of 4:1, a protein concentration of 12 mM, and a temperature of 33°C.
When CTDH was present in addition to HCP or OCP, its concentration was also 12 mM (dimer). For these experiments, we used the T. elongatus CTDH and the Anabaena C103F CTDH mutant, which can easily monomerize and transfer the carotenoid to HCPs and OCP.
The apo-OCP and apo-CTDHs took the carotenoid directly from the membrane with high efficiency: 77% of Synechocystis apo-OCP, 65% of Synechocystis apo-CTD-OCP, 82% of Anabaena apo-C103F CTDH, and 48% of T. elongatus CTDH were converted to holoproteins after a 1-h incubation (Table II; Fig. 12 ). By contrast, the HCPs were unable to take the carotenoid directly from the membrane (Table II; Fig. 12 ). When apo-CTDHs were present during the incubation in addition to HCPs and membranes, large quantities of apo-HCPs were converted into holo-HCPs. In the presence of Anabaena C103F CTDH, 100% of T. elongatus apo-HCP was converted to holo-HCP, while in the presence of T. elongatus CTDH, only 55% was converted to holo-HCP. One possible explanation could be that Anabaena CTDH was more efficient in taking the carotenoid from the membrane than the T. elongatus CTDH (Table II) . Forty percent of Anabaena apo-HCP4 was converted to holo-HCP in the presence of Anabaena C103F CTDH. These experiments clearly show that CTDHs can take the carotenoid from the membrane and then transfer it to HCPs. The presence of CTDHs is essential for carotenoid insertion into HCPs.
By contrast, the presence of Synechocystis CTD-OCP and CTDH had an opposite effect on carotenoid uptake by the apo-OCP ( Fig. 12 ; Table II ). Only Anabaena C103F CTDH was tested, since T. elongatus CTDH was not able to give its carotenoid to OCPs. When Anabaena apo-OCP was incubated with apo-CTDH and membranes, no carotenoid was integrated into OCP (Supplemental Fig. S8F ). When Synechocystis apo-OCP was used in the experiment, 65% of the apo-OCP was converted to holo-OCP in the presence of CTD-OCP and only 39% was converted in the presence of the Anabaena CTDH. This was lower than holo-OCP formation in the absence of CTDH (77%). Figure 13 shows a model of carotenoid translocation from membranes to apo-OCPs, CTDHs, and HCPs.
DISCUSSION The CTDHs Are Carotenoid-Binding Homodimers
The conservation across CTDHs of most of the amino acids involved in the interaction between the carotenoid and OCP suggests that CTDHs could be carotenoid proteins ; this work). CTDH's capacity to bind canthaxanthin was shown to occur not only when CTDHs are synthesized in canthaxanthinproducing E. coli cells but also when they are produced in Synechocystis cells. Both T. elongatus and Anabaena CTDHs bound canthaxanthin and formed a homodimer containing one carotenoid molecule. These two CTDHs belong to different subgroups (or clades) exhibiting different characteristics. Our results clearly show that the absence of carotenoid destabilizes the T. elongatus CTDH dimer but not the Anabaena CTDH dimer. We observed that the latter formed a disulfide bond between the two monomers of the dimer. Thus, Cys-103 involved in the S-S bond in Anabaena CTDH must be located on the interaction face between the monomers. These results confirm the model proposed by Moldenhauer et al. (2017) about CTD-CTD interaction in CTD-OCP dimers. In this model, the carotenoid is shared by the two CTDs forming the dimer and the interaction involves the same CTD face that interacts with NTD in OCP o . Cys-103 (Phe-103) is present on this face.
In the Anabaena CTDH dimer, the S-S bond stabilized the dimer even in the absence of the carotenoid and also inhibited the transfer of the carotenoid from CTDH to the HCPs. Reduction of the disulfide bond by DTT allowed monomerization of the dimer and shuttling of the carotenoid to HCPs. Furthermore, replacement of Cys-103 by Phe, which did not destabilize the carotenoid Anabaena CTDH dimer, accelerated the transfer of the carotenoid to HCPs and OCP. Inside cells, reducing conditions are prevalent; thus, this disulfide bond may be absent in wild-type Anabaena CTDH, allowing the opening of the dimer and carotenoid transfer. This Cys is absent in the CTDH of Gloeobacter strains (the most ancient cyanobacteria strains) and in all the CTDHs of clade 1. The Cys acquired in the course of evolution would have brought to some cyanobacteria cells the possibility of regulating, via redox changes, the opening of the dimer and the transfer of the carotenoid. Under this hypothesis, under normal conditions, the disulfide bond is oxidized and only reduced under stress conditions, leading to an increase in HCP production. Carotenoid transfer from membranes to apo-proteins. Shown are spectra of holo-proteins formed after a 1-h incubation of apo-proteins (12 mM) with canthaxanthin-containing E. coli membranes at 33°C. A, Incubation of membranes with apoCTDHs: Anabaena C103F CTDH (red), Synechocystis CTD-OCP (black), and T. elongatus CTDH. B, Synechocystis holo-OCP formation after a 1-h incubation of membranes with apo-OCP (purple spectrum) and with a mix of apo-OCP and apo-CTD-OCP (black spectrum). C, Synechocystis holo-OCP formation after a 1-h incubation of membranes with apo-OCP (purple spectrum) and a mix of apo-OCP and Anabaena apo-C103F CTDH (black spectrum). In B and C, the deconvolution of the black spectra is shown: OCP contribution (dashed blue spectrum) and CTD contribution (dashed red spectrum). D to F, Holo-HCP formation after a 1-h incubation of membranes with apo-HCPs (green) and a mix of apo-HCPs and apo-CTDHs (final spectra; black): Anabaena C103F CTDH and Anabaena HCP4 (D); T. elongatus CTDH and T. elongatus HCP (E); and Anabaena C103F CTDH and T. elongatus HCP (F). The HCP contribution (dashed blue spectrum) and CTDH contribution (dashed red spectrum) calculated from the deconvolution of the black spectra are shown.
According to the structural model, the addition of four amino acids after Phe-103 in Anabaena CTDH changed the secondary structure of the interaction face. This change significantly destabilized the carotenoid dimer: large quantities of carotenoid-free monomers were detected on the native gel and by SEC. By contrast, the carotenoid CTD-OCP dimer, which, based on the structural model, has a secondary structure of the interaction face similar to that of the C103F+4aa CTDH mutant, was stable under the same experimental conditions. These results suggest that the interactions between the monomers are slightly different in CTDH and CTD-OCP dimers.
The isolated Synechocystis CTD-OCP overexpressed in wild-type Synechocystis did not bind any carotenoid (Sutter et al., 2013) , while CTD-OCPs synthesized in E. coli formed carotenoid homodimers when expressed in the presence of a large canthaxanthin concentration (Lechno-Yossef et al., 2017; Moldenhauer et al., 2017; this work) . In contrast, we have shown here that both T. elongatus and Anabaena CTDHs are able to bind canthaxanthin when they are expressed in Synechocystis cells. Moreover, the T. elongatus CTDH isolated from Synechocystis and E. coli cells presented the same capacity to transfer the carotenoid to the T. elongatus HCP. Our results clearly demonstrate that the CTDHs are cyanobacterial carotenoid proteins. The next step in our research will be to isolate the CTDHs from Anabaena and T. elongatus to identify the carotenoids that bind to them in the original strains. Anabaena cells naturally contain large quantities of canthaxanthin, which can stabilize CTDH dimers by binding to them. It has already been shown that Anabaena HCP is mostly bound to canthaxanthin (45%-63%) and echinenone (20%-27%) in Anabaena cells. By contrast, T. elongatus lacks b-carotene ketolases and does not contain canthaxanthin or echinenone (Liang et al., 2006; Iwai et al., 2008) . In T. elongatus, the HCP and CTDH proteins bind zeaxanthin, caloxanthin, and nostoxanthin, which all contain hydroxyl groups on both rings (Iwai et al., 2008) . When T. elongatus CTDH was expressed in wild-type Synechocystis (instead of DCrtR Synechocystis), it bound 49% canthaxanthin, 40% hydroxyechinenone, and 10% myxoxanthophyll. This suggests that the T. elongatus CTDH can bind other carotenoids.
Carotenoid Translocation during CTDH Interaction with HCPs
Recently, Synechocystis and F. diplosiphon apo-and holo-NTD-OCP and CTD-OCP proteins were obtained Figure 13 . Model of carotenoid transfer from membranes to apo-OCP, CTDH, and HCP. Apo-OCPs (A) and CTDHs (B) can take the carotenoid directly from membranes and form holo-photoactive OCPs and holo-CTDH dimers, respectively. It is the CTD-OCP that takes the carotenoid. First, the carotenoid is in an intermediary position completely buried in the CTD (or the CTDH), and then it is shared with the NTD to form OCP o (A) or with the CTDH apo-monomer to form a CTDH dimer (B). By contrast, HCPs are unable to take the carotenoid from membranes (C). The presence of CTDH is essential to the transfer of the carotenoid from the membrane to the HCPs (D).
by the expression of synthetic ntd and ctd genes in E. coli cells in the absence and presence of carotenoids Lechno-Yossef et al., 2017; Moldenhauer et al., 2017) . Both NTD and CTD-OCP were able to bind canthaxanthin in E. coli cells Lechno-Yossef et al., 2017; Moldenhauer et al., 2017) . In the case of CTD-OCP, binding of the carotenoid stabilized the homodimer (Moldenhauer et al., 2017) . When holo-CTD-OCP was incubated with apo-NTD-OCP, it partially gave its carotenoid to the apo-NTD-OCP, forming an OCP o -like protein (Moldenhauer et al., 2017) . Moreover, an NTD-CTD heterodimer was formed when the domains were expressed as separate polypeptides in E. coli (Lechno-Yossef et al., 2017) . It was reported recently that Synechocystis CTD also can efficiently transfer its carotenoid to apo-OCP, resulting in the formation of photoactive OCP (Maksimov et al., 2017b) . In this work, we confirmed that the holo-CTD-OCP dimer is able to give its carotenoid to apo-NTD-OCP and apo-OCP. Under our experimental conditions, it gave 90% of the carotenoid to OCP and 50% to NTD-OCP, resulting in the formation of OCP o and OCP o -like proteins, respectively. Both proteins were photoactive, indicating that the carotenoid was in an identical position to that in wild-type OCP, where it hydrogen bonds with Tyr-201 and Trp-288. The photoactivated proteins were able to interact efficiently with PBS and to induce fluorescence quenching. OCP r converted to the inactive orange form in darkness. By contrast, the OCP r -like protein remained red even after a long period of darkness, indicating that, once in NTD, the carotenoid was not able to translocate into CTD to form an OCP o -like protein again (Lechno-Yossef et al., 2017; Moldenhauer et al., 2017; this work) . Also, when holo-NTD-OCP (holo-HCP) was incubated with apo-CTD-OCP (CTDH) (even in large excess), the carotenoid remained in NTD (HCP). These results indicate that the presence of the carotenoid in CTDH is essential to induce a correct interaction with HCP in order to create the hydrophobic tunnel that allows translocation of the carotenoid from one protein to the other. When the carotenoid is in the NTD, the presence of the OCP loop linker seems to be essential for OCP r -to-OCP o conversion (Fig. 10 ). The CTDHs also were able to give their carotenoids to their respective HCPs, but OCP o -like proteins were not formed. The carotenoid remained completely buried inside the HCPs. Thus, while CTD-OCP is able to share the carotenoid with the NTD-OCP, retaining (or recapturing) half of the carotenoid in it, CTDH is not able to do so. Furthermore, the CTDHs presented different characteristics: T. elongatus CTDH was selective and gave its carotenoid only to T. elongatus HCP, while the Anabaena wild-type and mutated CTDHs transferred their carotenoids to both HCPs. This could be related to the fact that, in Anabaena cells, there are four HCPs belonging to different clades: the CTDH must be less selective to give the carotenoid to all of them. It is tempting to propose that the differences between CTDHs and CTD-OCP are at the origin of the different selectivity of CTDH proteins and their inability to form OCP o -like proteins. By contrast, the tertiary structure of HCPs and NTD-OCP and the position of the carotenoid in these proteins are similar . Furthermore, the Anabaena HCP4 and T. elongatus HCP contain an N terminus prolongation similar to the N-terminal arm of NTD-OCP, which could play a role in stabilizing the CTDH-HCP heterodimer. However, some of our results suggest that HCPs also have an influence on the formation and stabilization of OCP o -like proteins. The Synechocystis CTD-OCP was able to give the carotenoid to the T. elongatus HCP and Anabaena HCP4/HCP5. However, in this case, no OCP o -like protein was formed. In addition, none of the wild-type and mutated CTDHs tested were able to give their carotenoid to the Synechocystis and Anabaena apo-NTD-OCPs. T. elongatus CTDH gave its carotenoid only to T. elongatus HCP. Finally, T. elongatus HCP took the carotenoid from CTDHs with a higher efficiency than Anabaena HCP4. These results suggested that, although the tertiary and secondary structures of HCPs and NTD-OCP are similar (but not identical), small differences in the structures and/or sequences have considerable influence on their interactions with CTDH.
Although the Anabaena CTDH was not able to transfer the carotenoid to NTD-OCP, it readily gave the carotenoid to the Synechocystis and Anabaena apo-OCP, forming photoactivable OCP o . This result suggests that the CTDH can form, as an intermediary step, a transient complex with CTD-OCP to give it its carotenoid. Once the carotenoid is in the CTD, the complex is disassembled and OCP o is formed. Surprisingly, Synechocystis apo-OCP was able to take more carotenoid than Anabaena apo-OCP, indicating that OCP characteristics also play a role in the carotenoid transfer mechanism. T. elongatus CTDH does not have the ability to transfer its carotenoid to an OCP. Most probably, this ability was lost because OCP is absent in T. elongatus cells.
Our results show that CTDHs are able to interact with their respective HCPs and transfer their carotenoids to them. The next important step will be to understand the differences between CTD and NTD-OCP interactions, which form photoactive OCP o -like proteins, and CTDH and HCP interactions, which do not. One area to investigate is the role of the N-terminal arm in the stabilization of OCP o . It is also important to understand why, once in NTD (or in HCP), the carotenoid cannot transfer back to CTD (or CTDH). Our results suggest that the presence of the OCP linker is a requirement for carotenoid translocation from NTD to CTD during the NTD-CTD interaction, but this needs to be investigated further.
CTDHs Are Essential for Carotenoid Translocation from the Membranes to HCPs Moldenhauer et al. (2017) were the first to show that the CTD-OCP dimer is able to give its carotenoid to NTD-OCP, and they proposed that the role of CTDHs in cyanobacteria cells could be to provide carotenoid molecules to OCPs and HCPs. Because approximately half of OCP-containing cyanobacteria strains lack CTDH proteins, and OCPs are able to bind carotenoids in the absence of CTDH or another soluble carotenoid protein when they are synthesized in E. coli cells , another mechanism also must be involved. This work clearly demonstrated that apo-CTDHs and apo-OCPs are able to take the carotenoid directly and with high efficiency from membranes without the help of CTDHs. Moreover, the presence of CTD-OCP slightly decreased carotenoid translocation from membranes to OCPs. In reducing conditions, Anabaena wild-type CTDH and C103F CTDH were able to partially give the carotenoid to the OCPs in the absence of membranes. However, when carotenoid-containing membranes were incubated with apo-OCPs and apo-CTDH, the presence of CTDH had a negative effect on translocation: Synechocystis apo-OCP took less carotenoid and Anabaena apo-OCP did not take any in the presence of Anabaena CTDH. Apparently, the OCP takes the carotenoid more efficiently from membranes than from CTDH. At least this is true when E. coli membranes and large amounts of canthaxanthin are used. The results might be different in cyanobacteria cells with low concentrations of canthaxanthin and hydroxyechinenone. Thus, we cannot completely discount that, in Anabaena cells, under specific conditions requiring large quantities of OCP, CTDH could help accelerate the formation of holo-OCPs.
HCPs did not take carotenoids directly from membranes in in vitro experiments. This result could explain why HCP preparations obtained in E. coli always contained a high percentage of apo-proteins this work) . By contrast, in the presence of CTDHs, large quantities of holo-HCPs were formed. T. elongatus HCP took the carotenoid more efficiently from CTDHs than Anabaena HCP4, and this also was observed in the absence of membranes (this work). Although CTDHs are not needed to form holo-OCPs, our results clearly demonstrate that their presence is essential to translocate the carotenoid from the membranes to HCPs. Until now, nothing was known about how the carotenoid is incorporated in OCP. Previous results obtained in E. coli cells suggested that the carotenoid must be added during the translation of the protein: faster translation increased the concentration of apoprotein, while slower protein synthesis favored holo-OCP formation . The results of this work suggest that carotenoid incorporation also can take place after apo-protein synthesis. More importantly, they indicate that it is the CTD of OCP that takes the carotenoid from the membrane. The CTD then interacts with NTD and transfers the carotenoid to it, prompting the OCP to adopt the closed orange structure. The interaction between the CTD and NTD must be very rapid to avoid carotenoid exposure to polar cell constituents. We propose that the carotenoid has a transitory position in which it is completely buried inside the CTD. We have isolated carotenoid-containing T. elongatus CTDH monomers presenting an absorption spectrum different from that of the CTDH dimer (Supplemental Fig. S3 ), suggesting that this is the case.
Can CTDH Inhibit the HCP-PBS Interaction?
Here, we have shown that when T. elongatus HCP binds canthaxanthin, it is able to interact with PBSs and efficiently quench their fluorescence. We do not know whether this activity is possible in native T. elongatus cells, which only contain non-keto-carotenoids. In Anabaena cells, HCP4 binds keto-carotenoids and is able to permanently bind PBS and quench its fluorescence. It was proposed that, by interacting with HCP4, CTDH can shut off or prevent HCP4-induced constitutive PBS fluorescence quenching Melnicki et al., 2016) . Since Anabaena cells are not constitutively quenched, the proposition that quenching is prevented by interaction with CTDH is tempting. However, here, we have shown that, although the presence of CTDH decreased the amplitude of PBS fluorescence quenching, a large excess of CTDH was necessary to obtain significant inhibition. In addition, we observed that once holo-CTDHs gave their carotenoid to apo-HCPs and holo-HCPs were formed, they were able to induce very efficient PBS fluorescence quenching even in the presence of CTDH. Thus, the interaction between CTDH and HCP must be weak, since it did not prevent the HCP-PBS interaction and generated only unstable heterodimers. In Anabaena, both hcp4 (all4941) and ctdh (all4940) genes are expressed in filaments and in heterocystis . Under the experimental conditions used, their transcription levels were similarly low . Transcriptomics and proteomics studies will be necessary to elucidate the conditions in which a large excess of CTDHs is present in the cells.
Origin of the Contemporary HCPs and CTDHs
It was proposed that OCP arose from the fusion of two independent carotenoid domains, homologs of NTD and CTD, which could be the ancestors of the contemporary HCP4/HCP5s and CTDHs Lechno-Yossef et al., 2017) . This fusion created a photoactive protein with a more complex function than that of the separate domains. The CTDHs and most HCPs are good 1 O 2 quenchers (at least in vitro). It is likely that the first role of these proteins was related to protection against oxidative stress. Our results have shown that the presence of CTDH is essential to form holo-HCP4/HCP5. This could be the principal or secondary role of CTDHs before the emergence of the OCP. Since HCP4 and HCP5 are able to interact with PBSs and quench their fluorescence, it was also proposed that CTDH regulates this activity by interacting with the HCP and hindering its interaction with PBS Melnicki et al., 2016) . Contemporary CTDHs do not display an efficient interaction with HCP, but nothing is known about their ancestors.
The question arises whether contemporary HCPs and CTDHs evolved from the HCP and CTDH ancestors or whether they appeared as the consequence of OCP duplication and subsequent domain separation into HCP and CTDH. In the phylogenetic basal genus Gloeobacter, OCP is already present and the OCP-related nonphotochemical quenching mechanism is functional (Bernát et al., 2012) . Moreover, G. violaceus contains two ocp genes. Other cyanobacteria strains also contain two or three ocp genes, indicating a duplication of the ocp gene in the past (Supplemental Data S1). Since the excess of OCP could be detrimental under nonstress conditions, copies of the ocp gene decreased (or disappeared completely) with time. A separation into domains may have been the first step in the elimination of extra copies. HCP and CTDH disappeared in strains with smaller genomes and remained in others, especially in heterocyst-forming nitrogen-fixing species having the largest and most expanded genomes. The presence of HCPs and CTDHs, which are likely to be good 1 O 2 quenchers, could increase photoprotection under high light and oxidative conditions. Nevertheless, it is clear that CTDHs were conserved primarily to provide carotenoids to HCPs. Once the HCP domains separated from the CTDs, they were unable to take the carotenoid from the membranes. All the strains containing HCPs also contain one CTDH protein.
CONCLUSION
CTDHs are homodimer proteins in which a carotenoid molecule is shared between the monomers. In vitro, they are very good quenchers of 1 O 2 , as good as OCP and some HCPs. They have the surprising ability to transfer their carotenoid to apo-HCPs with high efficiency. This activity is essential for the synthesis of holo-HCPs. While CTDHs and OCPs share the ability to take carotenoid from membranes, HCPs are unable to do this, at least in in vitro experiments. CTDHs also are able to interact with holo-HCPs, but this interaction is weak. They must be present in large excess in order to hinder HCP interaction with PBSs, suggesting that this activity occurs only in very specific environmental conditions.
MATERIALS AND METHODS
Strains and Culture Conditions
The freshwater cyanobacterium Synechocystis sp. PCC 6803 wild type and mutants were grown photoautotrophically in a modified BG11 medium (Herdman et al., 1973) , containing double the amount of sodium nitrate. Cells were kept in a rotary shaker (120 rpm) at 30°C and illuminated by fluorescent white lamps giving a total intensity of about 30 to 40 mmol photons m 22 s 21 under a CO 2 atmosphere. The cells were maintained in the logarithmic phase of growth and were collected at an optical density at 800 nm = 0.6 to 0.8.
Construction of OCP, NTD, and HCP Plasmids for Expression in Escherichia coli Cells
The constructs for the expression of OCP from Synechocystis and Anabaena sp. PCC 7120 have been described . The construction of plasmids pCDF-RCP-Syn-1-165Ctag, pCDF-NTD-ana-1-165Ctag, and pCDF-HCP4-4941Ctag was described previously López-Igual et al., 2016) .
pCDF-HCP-Te-1269Ctag
The tll1269 gene was amplified by PCR using genomic DNA of Thermosynechococcus elongatus as template and oligonucleotides Ftll1269EcoRI and Rtll1269NotI (Supplemental Table S1 ). The PCR fragment was cloned between the EcoRI and NotI sites of pCDFDuet-1. Then, the N-terminal extension containing the His tag initially present in this plasmid was excised, and nucleotides coding for six His residues were added at the 39 end of the tll1269 gene by sitedirected mutagenesis using synthetic primers (Supplemental Table S1 ) to create pCDF-HCP-Te-1269Ctag.
Construction of CTD Plasmids for Expression in E. coli Cells
pCDF-CTDHAna-4940Ctag and Mutants
The all4940 gene was amplified by PCR using genomic DNA of Anabaena as template and Fall4940NcoI and Rall4940NotI as primers. The PCR fragment was cloned between the NcoI and NotI sites of the pCDFDuet-1 plasmid. Nucleotides encoding for a 63 His tag were added at the 39 end of the all4940 gene by site-directed mutagenesis using the synthetic primers to create the pCDF-CTDHAna-4940Ctag plasmid. The point mutation C103F and the replacement of Cys-103 by five amino acids (FGAAV) were obtained by mutagenesis to create pCDF-CTDHAna-C103F and pCDF-CTDHAna-C5 plasmids, respectively. Primer sequences are described in Supplemental Table S1 .
pCDF-CTDHTe-1268Ctag
The tll1268 gene was amplified by PCR using genomic DNA of T. elongatus as template and Ftll1268NcoI and Rtll1268NotI as primers (Supplemental Table  S1 ). The PCR fragment was cloned between the NcoI and NotI sites of the pCDFDuet-1 plasmid. Nucleotides encoding for six His were added at the 39 end of the tll1268 gene by site-directed mutagenesis using synthetic primers (Supplemental Table S1 ) to create pCDF-CTDHTe-1268Ctag plasmid.
pCDF-CTD6803-Ctag
To obtain the CTD of Synechocystis OCP, the nucleotides encoding the NTD (8-169) of the ocp gene (slr1963) were deleted by site-directed mutagenesis using plasmid pCDF-OCPsynCtag (Bourcier de as template and synthetic primers (Supplemental Table S1 ) to create the pCDF-CTD6803-Ctag plasmid.
All plasmids were checked by sequencing.
Holo-Protein Production in Canthaxanthin-Producing E. coli BL21 (DE3) cells from Agilent Technologies were transformed simultaneously with three plasmids: (1) pACBETA, (2) pBAD-CrtW, and (3) pCDF-CTDH (HCP, CTD-OCP, NTD-OCP, and OCP) plasmids. The construction of pACBETA and pBAD-CrtW plasmids was described elsewhere . The crtBEIY operon in pACBETA was expressed constitutively under the control of the crtE promoter, whereas the crtW gene was under the control of the arabinose-inducible promoter araBAD and the ocp, ctdh, and hcp genes were under the control of a T7 RNA polymerase promoter, and their expression was enhanced by the addition of isopropylthio-b-galactoside. The expression of different genes and the isolation of apo-and holo-CTDHs and HCPs were described previously López-Igual et al., 2016) . restriction site of pPSBA2. The resulting plasmids were used to transform DCrtR Synechocystis by double recombination. Segregation of the mutant was confirmed by PCR. Primer sequences can be found in Supplemental Table S1 .
Protein Purification
His-tagged CTD overexpressed in Synechocystis was isolated as described (Wilson et al., 2008) . OCP, NTD, HCP, and CTD holo-proteins and apo-proteins expressed in E. coli were isolated as described . Briefly, cells were resuspended in lysis buffer (40 mM Tris, pH 8, 10% glycerol, 300 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM caproic acid, 1 mM benzamidic acid, and 50 mg mL 21 DNase) and then broken in dim light using a French press. The membranes were pelleted and the supernatant was loaded on a nickel affinity column (Ni-Probond resin; Invitrogen). Proteins was eluted with 250 mM imidazole and then dialyzed against 40 mM Tris-HCl, pH 8.
Extraction and Analysis of Carotenoids
The carotenoids were extracted with acetone from isolated CTDHs as described (Sedoud et al., 2014) . Liquid chromatography-UV-mass spectrometry analysis was conducted using a Quattro LC instrument (Micromass), MassLynx software, an Alliance 2695 separation module (Waters), and a Waters 2487 dual UV light detector as described (Punginelli et al., 2009 ). Carotenoids were identified and quantified as described (Punginelli et al., 2009) 
SEC
Purified proteins were injected into a Superdex 75 HR 10/30 column (Pharmacia) equilibrated with 40 mM Tris-HCl, pH 8, and 150 mM NaCl. The Akta Purifier FLPC system (GE Healthcare) was equipped with a UV detector set up at 280 and 540 nm for these experiments and ran at a flow rate of 0.4 mL min
21
. The gel filtration standards (Bio-Rad) included thyroglobulin (670 kD), bovine g-globulin (158 kD), chicken ovalbumin (44 kD), equine myoglobin (17 kD), and vitamin B12 (1.35 kD). The calibration profile is shown in Supplemental Figure S3 .
Absorbance Measurements and Experiments of Carotenoid Transfer
Absorbance spectra, kinetics of photoactivity (illumination with 5,000 mmol photons m 22 s 21 white light), and dark recovery of the OCP were measured in a Specord S600 spectrophotometer (Analyticjena) at 23°C. To study the interaction between the holo-CTDHs and apo-HCPs (or apo-OCPs), holo-CTDHs (2.5 mM) were incubated with 12.5 mM apo-HCP (or apo-OCP) in 40 mM Tris-HCl buffer, pH 8, for 1 h at 23°C in darkness. Absorbance spectra were recorded for 1 h. To study the carotenoid transfer from membranes to HCPs, CTDHs, and OCPs, 12 mM apo-protein was incubated with an E. coli canthaxanthin-containing membrane suspension (48 mM canthaxanthin, measured by acetone extraction) for 1 h at 33°C in darkness. Holo-protein formation was measured by absorbance spectroscopy after precipitation of membranes. The percentage of holo-protein formed was determined by comparing the spectra of 100% holo-proteins (at 12 mM) with those of the supernatant. When two species were present in the supernatant, the absorbance spectra were deconvoluted (see below).
Determination of the Percentage of Carotenoid Transfer: Spectra Deconvolution
In order to determine the real contribution of each holo-protein to the final spectra of the protein-protein interaction experiments, a spectral deconvolution was performed using Excel to fit the data to the sum of the reference spectra of the holo-proteins involved in the experiment. The spectra of 100% holo-proteins (at the same protein concentration) were used as reference spectra (see an example of deconvolutions in Supplemental Fig. S11 ). The percentage of carotenoid transferred from CTDH to apo-HCPs and apo-OCPs was determined by comparison of carotenoid concentrations in CTDHs at the beginning and end of the experiment. The correlation between the decrease in CTDH carotenoid content and the increase in HCP and OCP carotenoid content was verified.
Isolation of PBS and Fluorescence Measurements
The purification of PBS from Synechocystis was performed as described previously (Gwizdala et al., 2011) . Fluorescence yield quenching was monitored using a pulse amplitude-modulated fluorimeter (101/102/103-PAM; Walz). Measurements were made in a 1-cm path length stirred cuvette. The kinetics of PBS quenching induced by holo-HCPs was measured in 1.4 M potassium phosphate buffer (pH 7.5) at 23°C in darkness. The PBS concentration used was 0.012 mM, and the ratio of carotenoid to PBS was 5:1 in the interaction mix. The PBS quenching of holo-OCP was measured in 0. 
Protein Separation and Native Gel Electrophoresis
Proteins were analyzed by SDS-PAGE on 15% polyacrylamide/2 M urea in a TRIS-MES system (Kashino et al., 2001 ). Nondenaturing gel electrophoresis was performed to determine the oligomeric state of CTDHs. Purified proteins were applied to 15% native polyacrylamide gels (pH 8). Electrophoresis was carried out using 25 mM Tris/192 mM Gly buffer, pH 8. a-Lactalbumin (14 kD) and carbonic anhydrase (29 kD) were used as marker proteins.
Homology Modeling
Homology models for T. elongatus and Anabaena CTDHs were built using the default settings in Phyre2 (Kelley et al., 2015) using each CTDH sequence as the seed and 1M98 (Arthrospira spp. OCP) as the template.
Phylogenetic Analysis
To identify CTDH homologs, we used BLASTp (ref 1 blast) against the RefSeq protein database using as seed the all4940 protein sequence and an E-value cutoff of 1 3 10 24 . BLAST hits were filtered by sequence length (less than 200 pb) in order to discard full OCP sequences. Sequences obtained were then aligned using default ClustalOmega (Sievers et al., 2011) and searched against cyanobacterial proteins in the Uniprot database of reference proteomes using Hmmer (Finn et al., 2011) . All sequences obtained were used to generate a database of CTDH proteins. Similar approaches were done in order to build databases of HCP genes and OCP genes. CTD-OCP sequences were extracted from full OCP, removing the amino acids after position 190 in these sequences. The CTDH and CTD-OCP sequences were aligned using default ClustalOmega, and columns with more than 70% gaps were removed using Gap Strip/Squeeze version 2.1.0 (https://www.hiv.lanl.gov/content/sequence/GAPSTREEZE/ gap.html). Maximum likelihood analysis was done using PhyML 3.1 (Guindon et al., 2010) in order to build a phylogenetic tree, with the following parameters:
LG substitution model, NNI topology search, and aBayes algorithm for branch support. The tree was visualized and analyzed with the online tool iTol (Letunic and Bork, 2016) . Each subfamily was aligned with default ClustalOmega, a consensus sequence was calculated with the online AlignmentViewer Toolkit (Alva et al., 2016) , and a sequence logo was built using Skylign (Wheeler et al., 2014) .
Accession Numbers
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